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SECTION 1 
INTRODUCTION AND S U M M Y  

I n  t h i s  r e p o r t ,  a n a l y t i c a l  p r e d i c t i o n s  of  rotor  n o i s e  a r e  
compared to  t h e  measured v a l u e s  of t h e  h e l i c o p t e r  n o i s e  f i e l d .  
The measured d a t a  is from t h e  O p e r a t i o n s  Loads Survey  of  a B e l l  
AH-1G two-bladed h e l i c o p t e r  [1,21 . During t h i s  s u r v e y ,  s i m u l -  
t a n e o u s  measurements  o f  t h e  n o i s e  and b l a d e  l o a d s  on a h e l i c o p t e r  
i n  forward  f l i g h t  were made. S i x  l e v e l  f l y o v e r s  r a n g i n g  i n  speed  
from 20 t o  67 m / s  a t  an  a l t i t u d e  o f  9 1  m ( 3 0 0  f t )  were chosen  f o r  
s t u d y .  The h e l i c o p t e r  main rotor  h a s  t w o  b l a d e s  w i t h  r a d i u s  of  
6.71 m (22.0 f t )  and a chord  of 0 . 7 3  m ( 2 . 4  f t ) .  The b l a d e  l o a d s  
were d i g i t i z e d  and t h e  i n f o r m a t i o n  w a s  used  as an i n p u t  t o  a 
computer program based  on t h e  a c o u s t i c  f o r m u l a t i o n  of  F a r a s s a t .  

The i n f l u e n c e s  of b o t h  t h i c k n e s s  and l o a d i n g  t e r m s  were 
i n c l u d e d .  The r e s u l t s  have been p u b l i s h e d  p r e v i o u s l y  by S u c c i  
and t h e  m a i n  r e s u l t s  are  summarized i n  F i g s .  1 and 2. These  
f i g u r e s  compare t h e  measured and p r e d i c t e d  sound f i e l d  f o r  a 
h e l i c o p t e r  i n  l e v e l  forward  f l i g h t .  The a c o u s t i c  d a t a  are  
p r e s e n t e d  f o r  a microphone l o c a t e d  a t  t h e  s t a n d i n g  ear  l e v e l  on 
t h e  ground d i r e c t l y  unde r  t h e  h e l i c o p t e r  f l i g h t  p a t h .  The 
o b s e r v a t i o n  a n g l e  c o r r e s p o n d s  t o  t h e  p o s i t i o n  of t h e  h e l i c o p t e r  
when t h e  sound is d e t e c t e d  and t h e  e m i s s i o n  a n g l e  c o r r e s p o n d s  t o  
t h e  r e t a r d e d  p o s i t i o n  of t h e  h e l i c o p t e r .  A t  a n g l e s  less t h a n  
9 0 ° ,  t h e  h e l i c o p t e r  is approach ing  t h e  o b s e r v e r ,  a t  9 0 °  it is 
overhead  and a t  a n g l e s  g r e a t e r  t h a n  90° it is r e c e d i n g .  A t  l o w  
fo rward  s p e e d s  ( V  = 20 m / s ) ,  t h e  p r e d i c t i o n s  a g r e e  w i t h  measure- 
m e n t s .  A t  h i g h  forward  s p e e d s  ( V  = 67 m / s ) ,  s y s t e m a t i c  
d i s c r e p a n c i e s  a p p e a r  i n  t h e  p r e d i c t i o n .  

A s e r i o u s  problem is t h a t  t h e  n o i s e  is u n d e r p r e d i c t e d  f o r  
o b s e r v a t i o n  loca t ions  less t h a n  40°, i .e.,  f o r  o b s e r v e r s  near  t h e  
d i s k  p l a n e  i n  f r o n t  of  t h e  h e l i c o p t e r .  T o  e x p l o r e  t h i s  e f f e c t ,  a 
s i n g l e  o b s e r v a t i o n  p o i n t  i n  t h i s  r ange  h a s  been chosen  f o r  
d e t a i l e d  a n a l y s i s .  

The F o u r i e r  s p e c t r a  f o r  t h i s  p o i n t  are  p r e s e n t e d  i n  F ig .  3 
t o g e t h e r  w i t h  t h e  r e s u l t s  of o u r  o r i g i n a l  ( s o l i d  d o t s )  and new 
(open  t r i a n g l e s )  c a l c u l a t i o n s ,  t o  be d e s c r i b e d  below. Al though 
t h e  new c a l c u l a t i o n s  improve t h e  p r e d i c t i o n ,  t h e  p r e d i c t e d  sound 
l e v e l  is s t i l l  less t h a n  t h e  measured sound l e v e l .  
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SECTION 2 
DISCUSSION OF REFINED CALCULATION OF ROTOR SOUND FIELD 

To d i s c u s s  t h e  new c a l c u l a t i o n  w e  mus t  f irst  rev iew t h e  
o r i g i n a l  c a l c u l a t i o n .  T h i s  c a l c u l a t i o n  used  t h e  known shape  and 
mot ion  of the  rotor  together w i t h  t h e  measured b l a d e  s u r f a c e  
p r e s s u r e s .  S e v e r a l  a s s u m p t i o n s  were made. To r e p r e s e n t  t h e  
mot ion ,  t h e  a v e r a g e  v e l o c i t y  of  t h e  h e l i c o p t e r  d u r i n g  its l e v e l  
f l y o v e r  w a s  used .  To r e p r e s e n t  t h e  p r e s s u r e ,  o n l y  t he  component 
o f  p r e s s u r e  g i v i n g  a f o r c e  normal to  t h e  c h o r d  w a s  used. Because 
t h e  o u t e r m o s t  measurement s t a t i o n  w a s  a t  t h e  95.5 p e r c e n t  r a d i u s ,  
no l o a d  d i s t r i b u t i o n  i n f o r m a t i o n  w a s  a v a i l a b l e  n e a r  t h e  blade 
t i p s .  Thus,  f o r  the  o r i g i n a l  c a l c u l a t i o n s ,  t h e  l o a d s  were 
assumed t o  v a n i s h  l i n e a r l y  toward t h e  t i p .  Moreover, t h e  in- 
f l u e n c e  of p r e s s u r e  f o r c e s  a t  t h e  v e r y  t i p  of t h e  b l a d e ,  i .e.,  on 
t h e  b l u n t  s u r f a c e  p e r p e n d i c u l a r  t o  the  s p a n  a t  t h e  rotor  extrem- 
i t y ,  w a s  n o t  i n c l u d e d .  

Each of  these e f f e c t s  was s t u d i e d  c o m p u t a t i o n a l l y  and may be  
summarized as 

1) V e l o c i t y  p e r t u r b a t i o n s  

2) Churdwise p r e s s u r e s  

3 )  Load d i s t r i b u t i o n  n e a r  t h e  t i p  

4 )  S i d e  edge t i p  p r e s s u r e s .  

The i n f l u e n c e  of e a c h  of  these e f f e c t s  is p r e s e n t e d  i n  
d e t a i l  i n  T a b l e  1. Each e f f e c t  w i l l  be d i s c u s s e d  b r i e f l y .  The 
new c a l c u l a t i o n s  i n  F ig .  3 c o r r e s p o n d  t o  t h e  combined i n f l u e n c e  
of a l l  f o u r  of the  above e f f e c t s .  Because  of t h e  d i s c r e p a n c y  
between t h e  measurement and p r e d i c t i o n ,  w e  w i l l  d i s c u s s  three 
o t h e r  p o t e n t i a l  n o i s e  s o u r c e s .  These s o u r c e s  are: 

5) Shock n o i s e  

6 )  Quadrupo le  n o i s e  

7 )  S k i n  f r i c t i o n  n o i s e .  

2.1 Velocity Perturbations 

T o  r e p r e s e n t  t h e  mot ion  of t h e  h e l i c o p t e r ,  t h e  mean fo rward  
v e l o c i t y  was used.  F l u c t u a t i o n s  i n  fo rward  v e l o c i t y  are 
r e l a t i v e l y  u n i m p o r t a n t  f o r  l o w  fo rward  s p e e d s  because  t h e  t i p  

5 



TABLE 1. MEASURED AND CALCULATED ACOUSTIC PRESSURE SPECTRA 
CORRESPONDING TO CONDITIONS OF FIGS. 3 TO 7 .  

Harmonic 
Number A B C D E F G 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

1 3  

1 4  

88 

88  

89 

90 

9 1  

89  

88 

87 

8 5  

83 

8 1  

79 

77 

75  

79.2 

82.8 

84.4 

85.3 

85.3 

84.6 

83.9 

83  .O 

81.8 

80.5 

79.2 

77.9 

76.3 

74.5 

81.9 

85 .1  

86.0 

8 6 . 1  

85.7 

85.2 

84.5 

83.4 

82.5 

81.4 

79.7 

?8.2 

76.5 

74.4 

79.5 79.2 

83.5 82.8 

85.2 84.4 

86.3 85.3 

86.3 85.3 

85.8 84.6 

85.3 83.9 

84 .5  83  .O 

83.5 81.8 

82.4 80.5 

81.3 79.2 

80.0 77.9 

78.5 76.3 

76.8 74.5 

79.2 

82.8 

84.4 

85.3 

85.3 

84.6 

83.9 

8 3 . 1  

81.9 

80.5 

79.2 

77.9 

76.3 

74.5 

82.3 

85.6 

86.7 

86.9 

86.6 

86.3 

85.8 

84.9 

84.0 

82.9 

81.3 

80 .O 

78.6 

76.8 

OASPL 99 94.0 94.9 95.3 94.0 94 .O 96.0 

A - Measured 
B - O r i g i n a l  c a l c u l a t i o n  
C - Measured uppe r  and lower s u r f a c e  p r e s s u r e  a t  mean a i r c r a f t  

D - I n s t a n t a n e o u s  a i r c r a f t  speed  a t  e m i s s i o n  t i m e  used 
E - E s t i m a t e d  s i d e  edge p r e s s u r e  used  
F - T i p  r e g i o n  s u r f a c e  p r e s s u r e  assumed t h e  s a m e  beyond 95 

G - Combined e f f e c t  of C t o  F (new c a l c u l a t i o n )  

speed  used  i n  n o i s e  c a l c u l a t i o n  

p e r c e n t  r a d i u s  

6 



Mach number is l o w .  The g r e a t e s t  t i p  Mach number, which is 
a c h i e v e d  on t h e  advancing  b l a d e ,  is . 7 3  a t  a fo rward  speed  of  20 
m / s  and .87 a t  a forward  speed  of  67 m / s .  A t  h i g h  forward  
s p e e d s ,  ( i . e . ,  a t  h i g h  t i p  Mach number) ,  t h e  a c o u s t i c  c a l c u l a t i o n  
is v e r y  s e n s i t i v e  t o  s m a l l  changes  i n  fo rward  v e l o c i t y .  T h i s  
e f f e c t  o c c u r s  because  t h e  sound p r e s s u r e  is p r o p o r t i o n a l  t o  
( 1 - M  The closer M is to  o n e ,  t h e  g r e a t e r  t h e  s e n s i t i v i t y  
of t6e c a l c u l a t e d  s i g n a f  t o  s m a l l  changes  i n  v e l o c i t y .  
improve the c a l c u l a t i o n s ,  w e  matched t h e  v e l o c i t y  (70.7 m / s )  o f  
t h e  h e l i c o p t e r  when t h e  s i g n a l  was emi t ted  ( F i g .  4 ) .  I n s p e c t i o n  
of T a b l e  1 shows t h e  o v e r a l l  l e v e l  w a s  i n c r e a s e d  by a b o u t  1.3 dB. 

2.2 Chordwise Pressures 

T o  

A second p o i n t  of  improvement w a s  t h e  model of t h e  b l a d e  
forces. O r i g i n a l l y  w e  chose t h e  s implest  form of t h e  l o a d  
d i s t r i b u t i o n ,  i .e. ,  to  o n l y  u s e  f o r c e s  p e r p e n d i c u l a r  t o  t h e  
chord .  T h i s  p r o c e d u r e  is r e a s o n a b l e  because  t h i s  n o r m a l  t o  t h e  
chord is a p p r o x i m a t e l y  i n  t h e  d i r e c t i o n  o f  t h e  l i f t ,  and t h e  l i f t  
exceeds  t h e  d r a g  by one to  t w o  o r d e r s  of magni tude .  T h i s  
p r o c e d u r e  is l eas t  a c c u r a t e  i n  the d i s k  p l a n e  because  t h e  l o a d i n g  
noise  depends  on t h e  p r o j e c t i o n  of  t h e  f o r c e s  o n t o  t h e  d i r e c t i o n  
from t h e  b l a d e  to  t h e  o b s e r v e r .  The normal t o  t h e  chord is 
a p p r o x i m a t e l y  p e r p e n d i c u l a r  t o  t h e  rotor  d i s k  p l a n e ,  hence it is 
t h e  f o r c e s  p a r a l l e l  t o  t h e  chord which have t h e  g r e a t e s t  e f f e c t  
i n  t h e  d i s k  p l a n e .  I n c l u d i n g  t h e  e f f e c t  of t h e  chordwise  
component p r e s s u r e  d i s t r i b u t i o n  i n c r e a s e d  t h e  p r e d i c t e d  n o i s e  by 
.9 dB ( F i g .  5 ) .  

2.3 T i p  Load Distribution 

Measured b l a d e  l o a d s  were made o u t  t o  t h e  95.5 percent 
s t a t i o n .  Between measurement s t a t i o n s ,  t h e  l o a d s  were assumed to  
v a r y  l i n e a r l y .  Near t h e  t i p  t h e y  were o r i g i n a l l y  assumed t o  
v a n i s h  l i n e a r l y  t o  ze ro .  However, some e x p e r i m e n t a l  r e s u l t s  f o r  
t h e  f low f i e l d  i n  t h e  v i c i n i t y  o f  a b l a d e  t i p  i n d i c a t e  t h a t  t h e  
c lass ica l  spanwise  l o a d i n g ,  which v a n i s h e s  smooth ly  t o  zero,  is 
n o t  v a l i d  n e a r  t h e  t i p .  C h i g i e r  and C o r s i g l i a  I41  have r e p o r t e d  
d e t a i l e d  s u r f a c e  p r e s s u r e  measurements  by Sp ivey  [51 n e a r  t h e  t i p  
of a s q u a r e  t i p p e d  r e c t a n g u l a r  wing i n  a wind t u n n e l .  The 
measurements  show t h a t  t h e  s u c t i o n  f o r c e  o n  t h e  upper  s u r f a c e  o f  
t h e  b l a d e s  is s t r o n g  enough t o  cause a peak i n  t h e  spanwise  
l o a d i n g  n e a r  t h e  t i p  to  a n e a r l y  r e c t a n g u l a r  d i s t r i b u t i o n .  

T o  see i f  t h i s  i n f l u e n c e d  t h e  p r e d i c t e d  sound f i e l d ,  w e  
changed o u r  o r i g i n a l  assumpt ion  a b o u t  t h e  l o a d  d i s t r i b u t i o n .  I n  
p l a c e  of t a p e r i n g  to  zero, w e  now assume t h a t  t he  loads are 
c o n s t a n t  from t h e  95.5 p e r c e n t  s t a t i o n  t o  t h e  t i p .  However, a t  
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t h i s  o b s e r v a t i o n  p o i n t ,  t h i s  change h a s  no i n f l u e n c e  on t h e  
o v e r a l l  sound p r e s s u r e  l e v e l  ( F i g .  6 ) .  

more r e f i n e d  v e r s i o n  of  t h e  B e l l  AH-1G h e l i c o p t e r  o p e r a t i o n a l  
l o a d s  s u r v e y .  One o f  t h e  r e f i n e m e n t s  was t o  make  more s u r f a c e  
p r e s s u r e  measurements  n e a r  the b l a d e  t i p .  T h i s  improved measure- 
ment w i l l  enhance  t h e  u n d e r s t a n d i n g  of  t h e  f l o w  f i e l d  n e a r  t h e  
main rotor b l a d e  t i p .  However, t h e  p r e s e n t  n u m e r i c a l  e x p e r i m e n t  
shows t h a t ,  i n  t h i s  case, t i p  l o a d i n g  h a s  a n e g l i g i b l e  i n f l u e n c e  
on t h e  p r e d i c t e d  sound f i e l d .  W e  recommend t h a t  t h e  new b l a d e  
s u r f a c e  p r e s s u r e  d a t a  n e a r  t h e  b l a d e  t i p  be rev iewed b e f o r e  
i n c o r p o r a t i n g  it i n t o  t h e  p r e s e n t  n o i s e  p r e d i c t i o n  program. I f  
t h i s  new data  d o e s  n o t  d i f f e r  s u b s t a n C i a l l y  from t h e  l i m i t  cases 
i n  t h e  n u m e r i c a l  expe r imen t ,  it is u n l i k e l y  t h a t  t h e  new d a t a  
w i l l  improve t h e  n o i s e  p r e d i c t i o n .  

NASA is p r e s e n t l y  r e d u c i n g  b l a d e  s u r f a c e  p r e s s u r e  da t a  on a 

2.4  S ide  Edge T i p  Pressure 

The c a l c u l a t i o f i  of t h e  n o i s e  f rom a h e l i c o p t e r  ro tor  depends  
on a d e t a i l e d  d e s c r i p t i o n  of t h e  f l u i d  p r o p e r t i e s  a t  t h e  b l a d e  
s u r f a c e .  O r i g i n a l l y ,  w e  res t r ic ted o u r  c a l c u l a t i o n s  to  t h e  uppe r  
and lower s u r f a c e  of t h e  b l a d e s .  T h e r e  are  t w o  a d d i t i o n a l  
s u r f a c e s  on a b l u n t  t i p  rotor .  These  s u r f a c e s  are t h e  s m a l l  s i d e  
edges a t  e i t h e r  end of t h e  b l a d e .  To see i f  c o n d i t i o n s  on t h e s e  
e d g e s  i n f l u e n c e d  the  sound,  t h e  i n f l u e n c e  o f  t h e  p r e s s u r e  f i e l d  
on t h e  s i d e  edge  n e a r  t h e  rotor  t i p  w a s  c o n s i d e r e d .  

N o  good measurements  are  a v a i l a b l e  t o  d e s c r i b e  t h i s  in- 
f l u e n c e .  W e  made two assumpt ions  a b o u t  t h e  magni tude  of t h e s e  
p r e s s u r e s .  The f i r s t  assumpt ion  w a s  t h a t  t h i s  s i d e  edge  p r e s s u r e  
was e q u a l  to  t h e  minimum measured p r e s s u r e  a t  t h e  95.5 p e r c e n t  
s t a t i o n  and d i d  n o t  v a r y  w i t h  a z imuth  or  chordwise  p o s i t i o n .  The 
second a s sumpt ion  w a s  t h a t  t h i s  side edge  p r e s s u r e  w a s  t h e  ave r -  
a g e  of t h e  uppe r  and lower s u r f a c e  p r e s s u r e s  a t  t h e  95.5 p e r c e n t  
s t a t i o n ,  t h e  o u t e r m o s t  measurement s t a t i o n .  Thus,  t h e  s ide edge  
p r e s s u r e  var ied  i n  b o t h  t h e  chordwise  and a z i m u t h a l  d i r e c t i o n s .  
The c a l c u l a t i o n s  based  on t h i s  second a s s u m p t i o n  are g i v e n  i n  
T a b l e  1 and p r e s e n t e d  i n  F ig .  7 .  I n  t h i s  i n s t a n c e ,  t h e  side edge  
p r e s s u r e  has  almost no i n f l u e n c e  on t h e  o v e r a l l  sound p r e s s u r e  
l e v e l .  

The t i p  n o i s e ,  however, r e q u i r e s  f u r t h e r  s t u d y  s i n c e  i n  
n u m e r i c a l  w o r k  on hove r ing  rotors t h e  t i p  n o i s e  was found t o  
a f f e c t  t h e  l e v e l  of  harmonics  by s e v e r a l  d e c i b e l s .  Of c o u r s e ,  
any o b s e r v a t i o n s  are v e r y  dependen t  on t h e  o b s e r v e r  l o c a t i o n  and 
mot ion  o f  t h e  v e h i c l e .  An e f f e c t  which is u n i m p o r t a n t  here may 
be v e r y  i m p o r t a n t  g i v e n  o t h e r  c i r c u m s t a n c e s .  The i n t e n t  here is 
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t o  se lec t  t h e  p o i n t  of worst agreement  i n  t he  p r e v i o u s  s t u d y  131 
and e x p l o r e  e f f e c t s  which may improve t h e  p r e d i c t i o n .  

2.5 Combined Effect 

The combined e f f e c t  of t h e  v e l o c i t y  p e r t u r b a t i o n ,  chordwise  
p r e s s u r e s ,  t i p  load d i s t r i b u t i o n ,  and side edge  t i p  p r e s s u r e  are 
a l s o  g i v e n  i n  T a b l e  1. T h i s  combined e f f e c t ,  wh ich  is termed t h e  
new c a l c u l a t i o n ,  is p l o t t e d  i n  F i g .  3 .  The d i s c r e p a n c y  a t  h i g h  
speed  ( 6 7  M/S) d o e s  n o t  a p p e a r  a t  l o w  s p e e d s  (20  M/S) , as is 
e v i d e n c e d  from t h e  comparison made i n  F i g .  8 ,  which is t aken  from 
t h e  o r i g i n a l  r e p o r t  131. Though t h e  p r e d i c t i o n  is improved, it 
is s t i l l  less  t h a n  t h e  measured noise  by 3 dB o v e r a l l  and by 5 .7  
dB i n  t h e  f i r s t  harmonic.  T h a t  t h e  o v e r a l l  l e v e l  is closer t h a n  
t h e  l e v e l  i n  any g i v e n  harmonic i n d i c a t e s  compensat ing errors  i n  
t h e  p r e d i c t i o n .  A d i s c r e p a n c y  of 5.7 dB i n  t h e  f i r s t  harmonic, 
i n d i c a t e s  t h a t  w e  have n e g l e c t e d  a n  i m p o r t a n t  e f f e c t  i n  o u r  
c a l c u l a t i o n .  The remainder  of t h i s  s ec t ion  rev iews  t h r e e  
p o s s i b l e  effects: s h x k  noise ,  q u a d r u p o l e  n o i s e ,  and s k i n  
f r i c t i o n  n o i s e .  

2.6 Shock Formation 

One p o s s i b l e  n o i s e  s o u r c e  t h a t  h a s  been n e g l e c t e d  t o  d a t e  is 
sound e m i s s i o n  from a shock  located near t h e  t i p  of t h e  blade. A 
recent e x p e r i m e n t a l  s t u d y  by S u c c i  h a s  shown t h a t  a moving s h o c k  
c a n  e m i t  a sound p u l s e  e q u a l  i n  magni tude  to  t h e  r o t a t i o n a l  no ise  
of t h e  p r o p e l l e r  [ 6 1 .  I n  t h i s  e x p e r i m e n t ,  t h e  shock osc i l la ted  
a t  h i g h  f r equency ,  t h e r e b y  a l l o w i n g  i ts  c o n t r i b u t i o n  t o  be e a s i l y  
i d e n t i f i e d ,  I t  is t h e r e f o r e  p o s s i b l e  t h a t  a shock cou ld  be a 
s o u r c e  of  noise i n  h e l i c o p t e r s .  The  f i r s t  t a s k  is t o  i n s p e c t  t h e  
measured b l a d e  loads for e v i d e n c e  of shocks .  F i g u r e  9 is a p l o t  
of  t h e  measured upper  and lower s u r f a c e  p r e s s u r e s  a t  t h e  o u t e r -  
m o s t  r a d i a l  s t a t i o n s  ( r / R  = 9 5 * 5 % )  w i t h  the  ro tor  l o c a t e d  a t  i ts  
p o i n t  of maximum v e l o c i t y  ( 9  = g o 0 ) .  Each p o i n t  i n  t he  p l o t  
c o r r e s p o n d s  t o  an i n s t a n t a n e o u s  measurement ,  N o  i n t e r p o l a t i o n  is 
made. 

There are t w o  a s p e c t s  of t h i s  p l o t  t o  n o t i c e .  F i r s t ,  n o t e  
t h a t  t h e  upper  and lower s u r f a c e  p r e s s u r e s  are n e a r l y  t h e  s a m e .  
T h i s  i n d i c a t e s  t h a t  t h e  b l a d e  e l e m e n t  is a t  approx ima te ly  z e r o  
a n g l e  of  a t tack .  Next n o t e  t h a t  a s t r o n g  d i s c o n t i n u i t y  i n  p r e s -  
s u r e  is e v i d e n t  on both t h e  upper  and lower s u r f a c e s .  The 
measurement s t a t i o n s  a t  e i t h e r  s i d e  of t h i s  d i s c o n t i n u i t y  are a t  
t h e  25 p e r c e n t  and 35 p e r c e n t  b l a d e  s t a t i o n s .  The maximum b l a d e  
t h i c k n e s s  is a t  t h e  30 p e r c e n t  s t a t i o n .  Thus t he  shock o c c u r s  
n e a r  t h e  p o i n t  of g r e a t e s t  t h i c k n e s s  on t h e  b l a d e .  Another  
f e a t u r e  is t h a t  t h e  shock on the  lower s u r f a c e  is s t r o n g e r  t h a n  
t h e  shock on the  upper  s u r f a c e .  
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Though w e  c a n n o t  conc lude  t h a t  t h e  e x c e s s  n o i s e  is due t o  
s h o c k s  on t h e  blade t i p ,  t h e  e x p e r i m e n t a l  e v i d e n c e  of t h e s e  
shocks  does i n d i c a t e  t h a t  shocks  s h o u l d  be s t u d i e d  as a p o s s i b l e  
s o u r c e  of  n o i s e  i n  h e l i c o p t e r  rotors.  A t h e o r e t i c a l  work on t h i s  
s u b j e c t  is by K i t a p l i o g l u  and George 171. One c a n  f o r m a l l y  a p p l y  
t he  a c o u s t i c  ana logy  t o  c a l c u l a t e  t h e  n o i s e  from moving shocks .  
The d i s c o n t i n u i t i e s  i n  t h e  L i g h t h i l l  stress t e n s o r  ac t  l i k e  
sources on t h e  shock s u r f a c e  [ 8 ] .  

Care must  be t a k e n  to  a c c o u n t  f o r  compensa t ing  t e r m s  when 
a p p l y i n g  t h i s  model. F o r  example,  t h e  d i s c o n t i n u i t y  i n  p r e s s u r e  
across t h e  shock is ba lanced  by t h e  d i s c o n t i n u i t y  i n s v e l o c i t y  
normal to  t h e  shock.  Though each  d i s c o n t i n u i t y  can  i n f l u e n c e  
t h e  sound f i e l d ,  the  e f f e c t s  may c a n c e l  one  a n o t h e r .  One 
p o s s i b l e  shock n o i s e  s o u r c e ,  which has  n o t  y e t  been e x p l o r e d  i n  
d e t a i l ,  is t h e  e n t r o p y  g e n e r a t e d  a t  t h e  shock s u r f a c e .  I n  
L i g h t h i l l ' s  191 f o r m u l a t i o n  t h i s ' e n t r o p y  source might  be 
r e p r e s e n t e d  as ( c 2  - cg) p o  6.. where p o  is t h e  a i r  d e n s i t y ,  c is 
t h e  local speed  of  sound and &a t h e  s p e e d  of sound a t  i n f i n i t y .  
I n  H o w e ' s  1101 f o r m u l a t i o n  t h i s  s o u r c e  is d e s c r i b e d  d i r e c t l y  as 
T g r a d  S where T is t h e  t e m p e r a t u r e  and S t h e  e n t r o p y .  

2.7 Quadrupole Noise 

The e f f e c t s  o f  quadrupo le  n o i s e  have been d i s c u s s e d  a t  
l e n g t h  by Hanson and Fink 1111.  They i d e n t i f y  t h e  v e l o c i t y  
p e r t u r b a t i o n  a l o n g  t h e  blade chord a s  t h e  most i m p o r t a n t  t e r m ,  
The  o b s e r v a t i o n  is t h a t  t h e  Reynolds '  stresses are convec ted  w i t h  
t he  blade e l e m e n t  section and it is t h e  p e r i o d i c  v a r i a t i o n  of  
t h e  d i r e c t i o n  of t h e s e  stresses a t  h i g h  ra tes  of speed  which 
g e n e r a t e s  the  n o i s e .  An i m p o r t a n t  o b s e r v a t i o n  of  Hanson and Fink  
is t h a t ,  f o r  n o n l i f t i n g  p a r a b o l i c  arc b l a d e s ,  t h e  t h i c k n e s s  and 
q u a d r u p o l e  t e r m s  are of e q u a l  impor t ance  between t h e  s e c t i o n  
c r i t i c a l  Mach number and Mach 1. O u t s i d e  of  t h i s  r a n g e ,  t h e  
q u a d r u p o l e  t e r m s  are un impor t an t .  T h i s  s e c t i o n  c r i t i c a l  Mach 
number is t h a t  Mach number a t  which t h e  f l o w  is l o c a l l y  
t r a n s o n i c .  I t  is p o s s i b l e  t h a t  these c o n d i t i o n s  are m e t  near t h e  
t i p  of t h e  rotor  on t h e  advancing  blade ( JI = 90°  1. One 
i n d i c a t i o n  is t h a t  t h e  maximum v a l u e  of t h e  t i p  speed ,  which is  
t h e  sum of  t h e  r o t a t i o n a l  and fo rward  s p e e d s  o f  t h e  rotor,  is 
Mach . 8 7 .  The rotor b l a d e s  on t h i s  h e l i c o p t e r  are m o d i f i e d  NACA 
0012 a i r f o i l s  and t h e  f low is l o c a l l y  t r a n s o n i c  when these 
a i r f o i l s  have k i n e m a t i c  Mach numbers as s m a l l  a s  Mach . 8 7 .  

Another  s t r o n g  i n d i c a t o r  of  t r a n s o n i c  f l o w  is t h e  e v i d e n c e  
of a shock wave on t h e  95.5 p e r c e n t  r a d i a l  s t a t i o n ,  Thus,  on t h e  
advanc ing  blade a t  h i g h  forward  s p e e d s ,  t h e  b l a d e  e l e m e n t s  n e a r  
t h e  rotor  t i p  move a t  s p e e d s  between t h e  s e c t i o n  c r i t i c a l  Mach 
number and Mach 1. T h e r e f o r e ,  t h e  c r i te r ia  o f  Hanson and Fink is 
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met and quadrupole noise should be considered as a possible 
source of the excess noise. At present, the computer code 
developed at Langley is being modified to include a part of the 
quadrupole sources described earlier. 

2.8 Skin Friction 

We have not considered the effect of skin friction in 
detail. Qualitatively, it will have roughly the same influence 
as the addition of forces due to the chordwise component of 
pressure. That is, it is an additional force whose direction is 
parallel to the blade element velocity. Quantitatively, the drag 
on a stationary airfoil is about 80 percent skin friction and 20 
percent chordwise pressure distribution. Thus, from an 
acoustical standpoint, the magnitude of skin friction effects 
will also be about the same as the magnitude of the chordwise 
contribution of the pressure distribution. 
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SECTION 3 .  
CONCLUSIONS 

Recen t  methods deve loped  f o r  t h e  p r e d i c t i o n  of h e l i c o p t e r  
noise  are based  whol ly  on fundamenta l  a c o u s t i c  p r i n c i p l e s .  T h i s  
p a p e r  describes a s t u d y  of t h e  a n a l y s i s  deve loped  by Farassat  
which r e q u i r e s  d e t a i l e d  i n p u t  s p e c i f i c a t i o n s  o f  t h e  rotor char -  
a c t e r i s t i c s ,  o p e r a t i n g  c o n d i t i o n s ,  and rotor  b l a d e  s u r f a c e  p r e s -  
s u r e  d i s t r i b u t i o n .  T h i s  p r e s e n t  s t u d y  u s e s  measured data f o r  a n  
AH-1G h e l i c o p t e r  from t h e  e x t e n s i v e  d a t a b a s e  of t h e  O p e r a t i o n a l  
Loads Survey  [ 2 ] .  The s t u d y  is a c o n t i n u a t i o n  of  a p r e v i o u s  
s t u d y  a t  BBN u s i n g  t h e  Farassat  noise  p r e d i c t i o n  based on t h e  
measured l o a d s  on  t h e  AH-1G h e l i c o p t e r  main r o t o r [ 3 ] .  D i s -  
c r e p a n c i e s  between t h e  measured and p r e d i c t e d  n o i s e  f i e l d  were 
e v i d e n t  i n  t h e  p r e v i o u s  s t u d y ,  p a r t i c u l a r l y  a t  h i g h  forward  
f 1 i g h t  speeds .  

The g o a i  of t h e  p r e s e n t  s t u d y  is t o  f u r t h e r  r e f i n e  t h e  
i n p u t s  t o  F a r a s s a t ' s  p r e d i c t i o n  i n  an  a t t e m p t  t o  a l l e v i a t e  t h e s e  
e r r o r s .  However, a t  p r e s e n t ,  Fa ras sa t ' s  model can  o n l y  accoun t  
f o r  t h e  t h i c k n e s s  and l o a d i n g  n o i s e  s o u r c e s  ( a l t h o u g h  improve- 
m e n t s  are p r e s e n t l y  underway a t  NASA L a n g l e y ) .  I f  n o i s e  sources 
o t h e r  t h a n  t h e  t h i c k n e s s  and l o a d i n g  are i m p o r t a n t  t h e n  no amount 
of  r e f i n e m e n t  i n  t h e  d e s c r i p t i o n  of  t h e s e  t e r m s  w i l l  make t h e  
p r e d i c t i o n s  accurate. W e  found t h a t  r e f i n e m e n t s  i n  t h i s  d e s c r i p -  
t i o n  improved t h e  p r e d i c t i o n ;  however,  d i s c r e p a n c i e s  between t h e  
measured and p r e d i c t e d  n o i s e  f i e l d  remain.  These d i s c r e p a n c i e s  
are m o s t  l i k e l y  due t o  s o u r c e s  located i n  t h e  convec ted  f l u i d  
p e r t u r b a t i o n s  i n  t h e  immediate v i c i n i t y  o f  t h e  main rotor  blade. 
D e t a i l e d  r ev iew of  t h e  b l a d e  s u r f a c e  p r e s s u r e  da ta  (Appendix A )  
i n d i c a t e d  s h o c k s  n e a r  t h e  t i p  of t h e  main rotor d u r i n g  h i g h  s p e e d  
f l i g h t s 4  The i n f l u e n c e  of  t h e s e  s h o c k s  c a n n o t  be p r e d i c t e d  i f  
o n l y  s u r f a c e  s o u r c e s  ( t h i c k n e s s  and  l o a d i n g  terms) are used.  

19 



20 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

Shockey, G.A., Williamson, J.W., and Cox, C.R., "AH-1G 
Helicopter Aerodynamic and Structural Loads Survey," 
USAAMRDL-TR-76-39, Bell Helicopter Textron, February 1977. 

Brieger, J.T., "Validation of Helicopter Noise Prediction 
Techniques - Data Base," Bell Helicopter Textron Report 699- 
099-119, February 1980. 

Succi, G.P., "Validation of Helicopter Noise Prediction 
Techniques," NASA CR 165715, April 1981. 

Chigier, N.A., and Corsiglia, V.R., "Tip Vortices - Velocity 
Distributions," NASA TM X-62087, 1971. (Also Preprint #522, 
27th Ann. National V/STOL Forum of the A H S ,  May 1971. 

Spivey, R.F., "Blade Tip Aerodyanmics - Profile and Planform 
Effects," 25th Annual National Forum, AHS, Washington, DC, 
May 1968. 

Succi, G.P., Munro, D.H., and Ingard, U.K., "Propeller Tone 
Bursts," accepted by Journal of Sound and Vibration, to be 
published in February 1983. 

Kitaplioglu, C., and George, A.R., "Study of the Far-Field 
Sound Due to Unsteady Shocks on Helicopter Rotors, AIAA 
Paper 77-1360, 1977. 

Farassat, F., "The Acoustic Far-Field of Rigid Bodies in 
Arbitrary Motion," Journal of Sound and Vibration, 32, 1974, 
pp. 387-405. 

9. Lighthill, M.J., Proc. Roy. SOC. A211, 1952. 

10. Howe, M.S., "Contributing to the Theory of Aerodynamic Sound 
with Application to Excess Jet Noise and the Theory of the 
Flute," J. Fluid Mech., Vol. 71, Part 4, 1975. 

11. Hanson, D.B., and Fink, M.R. "The Importance of Quadrupole 
Sources in Prediction of Transonic Tip Speed Propeller 
Noise," Journal of Sound and Vibration, 62(1), 1979, pp. 
19-38. 



R- 2 



LIST OF SYMBOLS 

C 

C O  

M r  

r 

R 

TR- i 

v 

local  speed  of sound - - 
speed  of  sound i n  ambien t  medium - - 

r e l a t i v e  Mach number of f l o w  a t  b l a d e  t i p  

r a d i a l  d i s t ance  

- 
- - 

r a d i u s  of b l a d e  

ith harmonic of t a i l .  rotor  b l a d e  p a s s i n g  
f r e q u e n c y  

- - 
- - 

forward  speed  - - 

GREEK 

- e m i s s i o n  a n g l e  

- - o b s e r v a t i o n  a n g l e  

- a i r  d e n s i t y  

s-1 



s-2 



APPENDIX A 

PLOTS OF BLADE PRESSURES 

A- 1 



APPENDIX A 

PLOTS OF BLADE PRESSURES 

I n  t h i s  appendix ,  p l o t s  are p r e s e n t e d  of  t h e  d e t a i l e d  blade 
s u r f a c e  p r e s s u r e  data. The i n t e n t  was t o  locate t h o s e  i n s t a n c e s  
i n  which s h o c k s  may have o c c u r r e d .  One s u c h  case w a s  d i s c o v e r e d  
(V = 67 M/S, JI = 90°, r / R  = 95.5%) and is p r e s e n t e d  as F ig .  9 i n  
t h e  t e x t .  H e r e i n ,  a s y s t e m a t i c  p r e s e n t a t i o n  of  t h e  measured 
b l a d e  s u r f a c e  p r e s s u r e  is g i v e n  i n  g r a p h i c a l  form. Each g r a p h  
r e p r e s e n t s  t h e  measured b l a d e  s u r f a c e  p r e s s u r e s  as  t h e  o r d i n a t e  
and t h e  chordwise  l o c a t i o n  as t h e  a b c i s s a .  S ta rs  i n d i c a t e  
measurements  on t h e  upper  s u r f a c e  and c i rc les  measurements  on t h e  
lower s u r f a c e .  A series of  g r a p h s  is g i v e n  r e p r e s e n t i n g  changes  
i n  v e l o c i t y  ( V  = 20, 4 1 ,  and 67 M/S), r a d i a l  s t a t i o n  ( E  = 4 0 ,  60 ,  
75,  86.4,  and 95.5% p o s i t i o n )  and az imuth  ( p s i  = 90,  180 ,  270, 
and 360O). I n  t h e  u s u a l  manner, 90' r e p r e s e n t s  t h e  advancing  
blade p o s i t i o n  a t  its maximum k i n e m a t i c  v e l o c i t y ,  a t  180" t h e  
blade is i n  f r o n t  of  t h e  h e l i c o p t e r ,  a t  270° t h e  b l ade  is on  t h e  
r e t r e a t i n g  s i d e ,  and a t  360° ( o r ,  e q u i v a l e n t l y ,  a t  O o )  t h e  b l a d e  
is  p o i n t i n g  toward t h e  t a i l .  The g r a p h s  are  o r g a n i z e d  so t h a t  
t h e  a z i m u t h a l  i ndex  v a r i e s  m o s t  r a p i d l y ,  t h e  r a d i a l  s t a t i o n  less 
r a p i d l y ,  and t h e  v e l o c i t y  l e a s t  r a p i d l y .  

B e s i d e  t h e  i n d i c a t i o n  of shock ,  t h e  o n l y  p o i n t  of n o t e  is  
t h e  bad measurement on t h e  lower s u r f a c e  of t h e  b l a d e  a t  t h e  
86.4% r a d i a l  s t a t i o n  and 59.95% chordwise  s t a t i o n  ( t h e  t r a n s d u c e r  
was n o t  working and o n l y  measured a t m o s p h e r i c  p r e s s u r e ,  which w a s  
108.2 KN/M2 on t h e  day of t h e  t e s t ) .  A l t e r i n g  t h e  computer  pro-  
gram t o  i n t e r p r e t  t h e  l o a d  d a t a  l i n e a r l y  between t h e  t w o  a d j a c e n t  
measurement s t a t i o n s  had no measu rab le  e f f e c t  on t h e  n o i s e  
p r e d i c t  i on .  

The d a t a  p r e s e n t e d  h e r e  are t h e  a c t u a l  measurements  used by 
BBN as i n p u t  to  t h e  Farassat computer  program. T h i s  da ta  may be 
n o r m a l i z e d  i n  t h e  u s u a l  aerodynamic manner by t h e  t r a n s f o r m  
' norma 1 i zed 
da t a  is p r e s e n t e d  i n  t h e  o r d e r  g i v e n  i n  T a b l e  A-1.  

- - P o ) / P o ,  where Po = 108.2 K N / M 2 .  The ('measured 
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TABLE A-1 . 

Velocity Radius Azimuth 
Figure (M/S) ( % I  (degrees) 

A- 1 
A- 2 
A- 3 
A- 4 
A- 5 
A- 6 
A- 7 
A- 8 
A- 9 
A-10 
A-11 
A-12 
A-13 
A-14 
A-15 
A-16 
A-17 
A-18 
A-19 
A-20 

A-21 
A-22 
A-23 
A-24 
A-25 
A-26 
A-27 
A-28 
A-29 
A-30 
A-31 
A-32 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

41 
41 
41 
41 
41 
41 
41 
41 
41 
41 
41 
41 

40 .O 
40.0 
40 .O 
40.0 
60 .O 
60.0 
60 .O 
60.0 
75 .O’ 
75.0 
75 .O 
75.0 
86.4 
86.4 
86.4 
86.4 
95.5 
95.5 
95.5 
95.5 

40 .O 
40.0 
40.0 
40 .O 
60 .O 
60 .O 
60 .O 
60 .O 
75 .O 
75 .O 
75 .O 
75.0 

90 
180 
270 
360 
90 
180 
270 
360 

90 
180 
270 
360 
90 
180 
270 
360 
90 
180 
270 
360 

90 
180 
270 
360 
90 
180 
270 
360 
90 
180 
270 
360* 

*Because of computer p r i n t i n g  e r r o r s ,  t h e  l a s t  15% of t h e  d a t a  
near t h e  b l a d e  t r a i l i n g  edge is m i s s i n g  from t h i s  graph .  

A- 3 



TABLE A-1 (Cont-.) 

F i g u r e  

A-33 
A-34 
A-35 
A-36 
A-37 
A-38 
A-39 
A-40 

A-41 
A-42 
A-43 
A-44 
A-45 
A-46 
A-47 
A-48 
A-49 
A-50 
A-51 
A-52 
A- 53 
A-54 
A-55 
A-56 
A-57 
A-58 
A-59 
A-60 

Velocity Radius 
(M/S 1 ( % I  

41 
41 
41 
41 
41 
41 
41 
41 

67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 
67 

86.4 
86.4 
86.4 
86.4 
95.5 
95.5 
95.5 
95.5 ’ 

40 .O 
40.0 
40 .O 
40.0 
60 .O 
60.0 
60 .O 
60.0 
75 .O 
75.0 
75.0 
75.0 
86.4 
86.4 
86.4 
86.4 
95.5 
95.5 
95.5 
95.5 

A z i m u t h  
(degrees) 

90 
180 
270 
360 
90 
180 
270 
360 

90 
180 
270 
360 

90 
180 
270 
360 
90 
180 
270 
360 
90 
180 
270 
360 
90 
180 
270 
360 
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MEASURED BLADES SURFACE PRESSURES 
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MEASURED BLADES SURFACE PRESSURES 
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MEASURED BLADES SURFACE PRESSURES 

PHI = 2?0 deg E = 0.488 V = 28 m / s  
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MEASURED BLADES SURFACE PRESSURES 
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MEASURED BLADES SURFACE PRESSURES 

PHI = 180 deg E = 8.?58 V = 28 m / s  
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MEASURED BLADES SURFACE PRESSURES 
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MEASURED BLADES SURFACE PRESSURES 

PHI = 2?8 deg E = 8.864 V = 28 m/s 
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MEASURED BLAOES SURFACE PRESSURES 
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MEASURED BLADES SURFACE PRESSURES 

PHI = 270 deg E = 0.955 V = 20 m/s 

3 

0 

k 

dr 

I 

I 

0 

dr 

0 
0 0 O Q O a a  * * *  * 

0 
* 8' 

* UPPER SURFACE 
0 L'OWER SURFACE 

6 0  

0.0 0.2 0.4 0.6 0.8 1.0 

% C H O R D  

F I G .  A-19. SUCCI-BBN 
A-23 



w 
CY 
3 
v, 
v, 
wa,  
Q 
C Y $  

MEASUREO BLADES SURFACE PRES 

PHI = 360 deg E = 8.955 V 28 m / s  

3 

0 

0 
k 

* 
* 

0 

* 

0 
f 

* 

* UPPER SURFACE 
0 LOWER SURFACE 

0 0.2 

FIG. A-20. 
A-24 

I 

0.4 
t 

0.6 

% CHORD 

I 

0.8 
I 

1.0 

SUCCI-BBN 



MEASURED BLADES SURFACE PRESSURES 
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MEASURED BLADES SURFACE PRESSURES 
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